The aim of this study is to identify genes that are involved in vascular adaptations after physical deconditioning and exercise training in humans. r What is the main finding and its importance?
Physical inactivity is an independent risk factor for the development of cardiovascular diseases (Blair et al. 1995; Manson et al. 1999) , while regular exercise reduces this risk (Paffenbarger et al. 1986; Hakim et al. 1999; Myers et al. 2002) . These processes may be mediated by functional and structural adaptations of the vasculature, such as endothelial dysfunction and changes in baseline diameter and intima-media thickness (IMT; Green et al. 2004; Walther et al. 2004; Thijssen et al. 2010) . The molecular mechanisms that cause these vascular changes are gradually being elucidated (Whyte & Laughlin, 2010) .
Gene expression microarrays are a powerful tool to study these molecular mechanisms comprehensively. Microarrays have been used to study changes in vascular gene expression after exercise in animal models (Hagg et al. 2005; Maeda et al. 2005; Padilla et al. 2011; Matsumoto et al. 2012) . In humans, gene expression microarrays have been used, for example, to study changes in muscular gene expression after exercise and deconditioning (Hittel et al. 2003; Mahoney et al. 2005; Teran-Garcia et al. 2005; Chopard et al. 2009; Alibegovic et al. 2010; Reich et al. 2010; Gordon et al. 2012) . However, no previous study in humans has linked such microarray assays with vascular adaptations after physical inactivity or exercise training.
The aim of this study was to identify genes that may be involved in vascular adaptations after physical deconditioning and exercise training in humans, using a unique study design. Vascular characteristics of ablebodied control subjects were compared with spinal cord-injured (SCI) individuals to assess the vascular effects of long-term deconditioning. Able-bodied control subjects were also examined before and after 3 weeks of unilateral lower limb suspension (ULLS; i.e. shortterm deconditioning). The SCI individuals were examined before and after exercise training by functional electrical stimulation (FES). Concurrently, gene expression levels were determined in the surrounding muscle tissue by microarray analysis, validated by reverse transcription quantitative polymerase chain reaction (RT-qPCR) and correlated to the observed vascular changes. We expected to find opposite changes in vascular characteristics in response to physical deconditioning and exercise training, accompanied by changes in the expression level of vasculature-related genes that would enable us to identify the key genes that play a role in vascular adaptations.
Methods

Ethical approval
The study was approved by the ethics committee of the Radboud University Nijmegen Medical Centre and conformed to the principles outlined in the Declaration of Helsinki. All subjects provided written informed consent prior to testing.
Experimental design
To study the effects of physical inactivity and activity, three comparisons were made ( Fig. 1 ): (A) long-term deconditioning, SCI versus healthy control subjects; (B) short-term deconditioning, before versus after ULLS in healthy individuals; and (C) exercise, before versus after FES of the paralysed limbs in SCI individuals.
Subjects
Six healthy men (21 ± 0 years old) participated in the ULLS deconditioning part of this study, and eight men with an SCI (39 ± 3 years old) performed 8 weeks of FESinduced cycling exercise training. Subject characteristics of the two study groups are presented in Table 1 . Seven subjects with SCI had a complete lesion, varying between C5 and T11 [American Spinal Injury Association (ASIA) Impairment Scale (AIS) A], while one subject had an incomplete lesion at C5 (AIS B). All lesions were traumatic and had existed for at least 4 years. None of the participants had any known cardiovascular disease, diabetes or cardiovascular risk factors, such as hypercholesterolaemia and hypertension. None of the 
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(A) Long-term deconditioning. Long-term deconditioning was assessed by comparison of individuals with a spinal cord injury that had existed for at least 4 years with healthy, able-bodied control subjects.
(B) Short-term deconditioning by unilateral lower limb suspension. Deconditioning by ULLS was applied to healthy volunteers for 3 weeks as described before (Berg et al. 1991; Bleeker et al. 2005) . The right leg was unloaded from all weight bearing by attachment of a sling around the foot and the upper body, and crutches were used for support during walking. To prevent the development of venous thrombosis, right knee flexing was minimized by unilateral elevation of the left shoe sole (Bleeker et al. 2004) . To evaluate effectiveness of the ULLS model, calf skin temperature was measured three time before and after the intervention at the gastrocnemius muscle using an electric thermometer (Genius; Kendall, Mansfield, MA, USA) and averaged. Maximal calf circumference was determined before and after the intervention using a measuring tape (Bleeker et al. 2005) . Functional electrical stimulation-induced exercise training was performed on the paralysed muscles of subjects with SCI by electrically stimulated muscle contractions using a computer-controlled leg cycle ergometer (Ergys 2; Therapeutic Alliances Inc., Fairborn, OH, USA) at ∼50 r.p.m. with a maximum of 140 mA (Gerrits et al. 2001; van Duijnhoven et al. 2009 ). For the duration of 8 weeks, two or three training sessions of 30 min each were performed per week, resulting in 20 sessions per person. When 30 min exercise was not realised in one bout, up to five bouts were performed until 30 min of cumulated active exercise was achieved. Training progression was assessed as the total work (in kilojoules) performed by a subject during a single run of FES cycling during the first and the last training session.
Vascular characteristics
Vascular characteristics were measured in all subjects before and after the intervention. Measurements were performed unilaterally after 20 min of supine rest at a fixed time of day for each individual and by the same investigator. Subjects fasted for at least 4 h and refrained from caffeine, chocolate, alcohol and vitamin Ccontaining fruits for 12 h before testing.
Baseline diameter and intima-media thickness and area.
Baseline diameter (D) and IMT of the superficial femoral artery were measured using echo ultrasound with a high-resolution 5-10 MHz linear array transducer (ART.LAB System; Pie Medical Imaging, Maastricht, The Netherlands). Four measurements were obtained over a period of six heart beats and stored for subsequent automated offline analysis. Images of the superficial femoral artery were made 3 cm distal to the bifurcation of the deep and superficial femoral arteries. For one image, a total of 10-12 Doppler spectra were obtained.
Automated analysis of diameter and IMT was performed using custom-designed ART.LAB software (Pie Medical Imaging, Maastricht, The Netherlands). Systolic (D s ) and diastolic vessel diameters (D d ) were averaged per diameter image, and mean diameter (D mean ) was calculated by using the following formula:
The IMT was defined as the distance from the leading edge of the lumen-intima interface to the leading edge of the media-adventitia interface, and was normalised for lumen diameter size (IMT/lumen ratio). Intima-media area was calculated using the the following formula:
Peak hyperaemic flow. Peak hyperaemic flow was assessed after 5 min of 220 mmHg arterial occlusion (E20 Rapid Cuff Inflator; Hokanson, Bellevue, WA, USA; Celermajer et al. 1992) . A 12 cm occluding cuff was placed around the upper thigh, below the imaged artery. Mean red blood cell velocity (V mean ) was measured during the first 45 s after cuff deflation by a Doppler technique in the vessel using a 4 MHz pen probe (WAKI e ; Atys medical, Soucieu en Jarrest, France).
Flow profiles were analysed using a custom-designed program that detects the envelope of the velocity trace (MatLab; MathWorks, Natick, MA, USA). Mean blood flow (flow mean , in millilitres per minute) was calculated as π(D mean /2) 2 × [V mean (in centimetres per second)/2] × 60.
Muscle biopsy
To assess changes in gene expression levels, a biopsy of the vastus lateralis muscle was taken before and after ULLS (in able-bodied control subjects) or FES cycling (in SCI individuals), on a different day from the vascular measurements. Using the Bergström technique, a percutaneous needle muscle biopsy was obtained from the vastus lateralis (∼15 cm above the knee; Bergstrom, 1975) . The skin was locally anaesthetised with 1% (w/v) lidocaine, a small incision was made through the skin and fascia, and ∼100 mg of muscle tissue was taken via the biopsy needle. The muscle specimens were immediately frozen in liquid nitrogen and stored at −80
• C. Biopsies were consistently performed by the same physician.
Assessment of gene expression levels
Frozen muscle biopsy samples were ground using a mortar and pestle, placed in RNA-Bee, which contains phenol and guanidine thiocyanate (Tel-test, Friendswood, TX, USA), and homogenised using an T25 ultra-turrax dispenser (IKA, Staufen, Germany). The RNA was isolated using phenol-chloroform extraction and purified according to the RNeasy mini kit clean-up protocol, including an oncolumn DNase digestion (Qiagen, Hilden, Germany). The RNA concentration and purity were measured with a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA, USA), and RNA integrity was analysed on an Agilent Bioanalyzer (Santa Clara, CA, USA).
Before and after short-term deconditioning, we used four microarrays to analyse three individuals separately plus one cDNA pool of the other three subjects. Before and after exercise training, three microarrays were used to analyse three separate SCI individuals. To assess long-term deconditioning, the three arrays before exercise training were compared with the four arrays before short-term deconditioning. Total RNA (100 ng) was amplified and labelled according to the Affymetrix GeneChip whole transcript sense target labelling assay, and hybridised on Affymetrix GeneChip Human Gene 1.0 ST arrays (Affymetrix, Santa Clara, CA, USA; Lammers et al. 2010) .
Arrays were scanned and processed to an Affymetrix CEL file, which was imported into Affymetrix Expression Console version 1.1. For quality control, the area under the curve of control probes was calculated. All AUC values of the area under the curve were in the range of 0.84-0.86, indicating a good and comparable array quality.
The Affymetrix CEL files were imported into Genomic Suite software (version 6.4; Partek, St Louis, MO, USA). Probe sets were normalised using the robust multiarray analysis algorithm, including background correction for probe GC content. Transcript summaries were calculated using the mean intensities of the corresponding probe sets, representing the quantitative gene expression levels. The microarray data have been submitted to the Gene Expression Omnibus (GEO) repository under number GSE33886.
To assess differences in gene expression between groups, the mean signal intensity of individual genes was used for an ANOVA on the four groups pre-ULLS, post-ULLS, pre-FES and post-FES using Partek Genomic Suite. With stringent correction for multiple testing most statistical significances disappeared, which is a common problem in microarray studies with such a small sample size (Mootha et al. 2003) . We therefore used the plain fold changes as an alternative approach to visualise the overall response of vasculature-related genes in the three comparisons. To obtain gene lists of appropriate size for further analysis, the genes with >1.3-fold change in expression were searched for the presence of (parts of) words including 'vascu' , 'blood vessel' , 'angio' , 'nitric oxide' and/or 'endothe' . Alternatively, gene ontology terms associated with these gene lists were mined for the presence of the same (parts of) words by using the database for annotation, visualization and integrated discovery (DAVID) functional annotation tool, focusing on the chart with gene ontology terms for biological processes providing a subset of the most specific terms (GOTERM_BP_FAT; Dennis et al. 2003; Huang et al. 2009 ). Identified genes were sorted on the result of the expression 'fold change A' + 'fold change B' -'fold change C' (see experimental design and Fig. 1 for comparisons A, B and C), and sorting was optimised by hand.
To analyse possible interactions between gene products, gene lists of interest were uploaded in Pathway studio 7.1 (Ariadne, Rockville, MD, USA), and all known direct interactions were visualised.
RT-qPCR validation of microarray results
For RT-qPCR validation of the microarray results, RNA was available for three individuals with SCI and three healthy control subjects before and after intervention. Of these samples, 200 ng RNA was transcribed to cDNA using the Superscript III first-strand synthesis supermix for qRT-PCR (Invitrogen, Paisley, UK) according to the manufacturer's protocol. Based on the microarray results, ubiquitin C (UBC) was selected as a stable reference gene with relatively high expression levels. Intron-spanning primers were designed using NCBI Primer-BLAST and purchased from Biolegio (Malden, The Netherlands). Primer sequences were as follows (5 to 3 ): vascular endothelial growth factor B (VEGFB) forward GTGCCCTTGACTGTGGAG and reverse GATCTGCATCCGGACTTG; neuropilin 1 (NRP1) forward CCTGTTCTCTTTCAGGGAAAC and reverse CTGTTATCTTGCAACCGTATACTTC; gap junction protein γ1, 45 kDa (GJC1) forward CCGAAGTT CTGGACAACAGGGCA and reverse GCAGGCGAGT CAGGAAGCTCC; fms-related tyrosine kinase 1 (vascular endothelial growth factor/vascular permeability factor receptor; FLT1) forward GATGTCCAAATAA GCACACCAC and reverse GTCGCCTTACGGAAGCTC; epidermal growth factor (EGF) forward AGCGGTT GTTCCTCACCCGA and reverse TGTGGTCCTGAAGC TGCACAGC; and ubiquitin C (UBC; reference gene) forward TAGTTCCGTCGCAGCCGGGA and reverse GCATTGTCAAGTGACGATCACAGCG. The RT-qPCR was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The PCR volume was 12.5 μl, containing 400 nM of each primer, 12.5 ng Exp Physiol 98.3 (2013) pp 710-721 cDNA and 6.25 μl iQ SYBR Green Supermix (Bio-Rad) according to the manufacturer's protocol. For each primer pair, the melt curve, efficiency and no template controls were assessed to check primer specificity. The comparative Ct quantification ( Ct method) corrected for primer efficiency was used to compare changes in gene expression.
Statistical analysis
Calf skin temperature and circumference before and after short-term deconditioning were compared using Student's paired t test, and work before and after exercise training using a Wilcoxon signed-rank test (SPSS 16.0 software, Chicago, IL, USA). Differences in vascular characteristics between SCI and control subjects were analysed using Student's unpaired t test. The effects of short-term deconditioning and exercise training on vascular characteristics were assessed using Student's paired t test. Parameters with a non-Gaussian distribution were analysed after natural logarithmic transformation. All subject characteristics are presented as means ± SEM.
For visualisation of RT-qPCR results, the SEM was calculated for long-term deconditioning on the SCI pre-FES values and for short-term deconditioning and exercise training on the average fold changes. To identify statistically significant changes in gene expression, Student's unpaired t test for long-term deconditioning and Student's paired t test for short-term deconditioning and exercise training were performed on the 2
− Ct values (Schmittgen & Livak, 2008) . Alternatively, microarray and RT-qPCR fold changes were compared by calculation of a Pearson correlation coefficient and corresponding P value.
Results
Effectiveness of the interventions
Short-term deconditioning resulted in a significant decrease of 2.3 ± 0.1
• C in calf skin temperature and a significant decrease of 1.2 ± 0.4 cm in circumference of the suspended leg (temperature, before 28.1 ± 0.2 and after 25.8 ± 0.2
• C, P < 0.001; and circumference, before 37.7 ± 0.9 and after 36.5 ± 0.7 cm, P = 0.028). This indicates that the affected leg was effectively deconditioned.
Exercise training resulted in a significant increase in work after training [median (25-75%): before 0 kJ (0-2.2) and after 11.0 kJ (5.5-19.7), P = 0.008]. This indicates that the condition of the paralysed limbs was effectively improved.
Opposite alterations in vascular characteristics after deconditioning and exercise
The baseline diameter of the femoral artery was smaller in SCI (5.2 ± 0.1 mm) than in control subjects (7.8 ± 0.2 mm), and femoral artery diameter decreased in control subjects after short-term deconditioning (−0.7 mm) and increased in SCI subjects after exercise training (+0.6 mm; Fig. 2A ). Peak hyperaemic flow was lower in SCI (462 ± 52 ml min −1 ) than in control subjects (1193 ± 160 ml min −1 ), and peak hyperaemic flow decreased after short-term deconditioning in control subjects (−328 ml min −1 ; Fig. 2B ). The IMT/lumen ratio increased after short-term deconditioning in control subjects (+0.95) and decreased after exercise training in SCI subjects (−0.09; Fig. 2C ). Calculation of the intima-media area from the IMT and diameter resulted in comparable changes (data not shown). Baseline flow in control subjects was 115 ± 34 ml min −1 before and 62 ± 13 ml min −1 after short-term deconditioning (P = 0.28), and baseline flow in SCI subjects was 132 ± 42 ml min −1 before and 172 ± 38 ml min −1 after exercise training (P = 0.35).
Association of gene expression levels with the alterations in vascular characteristics
Of the ∼29,000 genes assessed, long-term deconditioning resulted for 4445 genes in a >1.3-fold difference, while short-term deconditioning and exercise training showed 1050 and 1946 genes with >1.3-fold change, respectively. Twelve genes, led by VEGFB, had a positive association with vascular changes, i.e. downregulated after long-and short-term deconditioning, and upregulated after exercise training (Fig. 3 ). An additional 18 genes showed this positive association in only two or one of the three comparisons (long-and short-term deconditioning and exercise training). A group of 25 genes demonstrated a negative association, i.e. mainly upregulated after deconditioning and downregulated after exercise training, and 10 genes formed an ambiguous group with transcriptional change in the same direction after both deconditioning and exercise training (remarkably, all upregulated). See 'Pathway analysis' (below) for a description of the genes.
RT-qPCR validation
To validate the microarray results, the gene expression levels of five relevant genes with the most positive and negative associations were determined by RT-qPCR analysis (Fig. 4) . The direction of the fold change was identical for the comparisons that displayed at least 1.5-fold change in the microarray analysis, and upregulation of VEGFB after exercise training and EGF after longterm deconditioning were even statistically significant (P < 0.05). Standard deviations were relatively large, probably due to a combination of the small sample size and fold changes. According to an alternative analysis, the Pearson correlation of the fold changes observed in the microarray and RT-qPCR demonstrated a significant correlation (P < 0.001) between both approaches. 
Pathway analysis
In order to obtain insight into the pathways that may be involved in the observed vascular adaptations, the groups of positively and negatively associated genes were analysed for known interactions between all the gene products (Fig. 5) . The genes without any known interaction within its group were not visualised.
The 30 genes that were associated positively with vascular characteristics were dominated by members of the VEGF signalling pathway, including VEGFA, VEGFB, VEGFC, VEGF (co)receptors fms-related tyrosine kinase 1 (FLT1) and neuropilin 1 (NRP1), and transcription factor endothelial PAS domain protein 1 (EPAS1). Central players in the negative group were the growth factors transforming growth factor β1 (TGFB1), epidermal growth factor (EGF) and connective tissue growth factor (CTGF). The group of 10 genes that were upregulated after both inactivity and exercise contained the extracellular matrix-related collagen chain genes COL1A1, COL1A2, COL3A1, COL5A1, lysyl oxidase (LOX), matrix metallopeptidase 2 (MMP2), biglycan (BGN ) and Thy-1 cell surface antigen (THY1).
Discussion
To the best our knowledge, this is the first study to link skeletal muscle gene expression levels comprehensively to structural vascular adaptations in human models of physical activity and inactivity, using this unique study design. The marked vascular adaptations after physical deconditioning and exercise were associated with specific up-and downregulation of pathways, typically involving VEGFs, TGFB1 and extracellular matrix components. Pathway analysis provided information on the biological mechanisms that may underlie these vascular adaptations. Previous studies have demonstrated that models of physical (in)activity result in a dose-dependent change in vascular structural adaptations (Thijssen et al. 2011) . Indeed, baseline diameter was lower after long-and shortterm deconditioning, while exercise training enhanced this diameter, all in line with previous studies (Bleeker et al. 2005; Thijssen et al. 2006; van Duijnhoven et al. 2010) . Moreover, we add the novel observation that functional electrical stimulation cycling exercise can decrease conduit artery wall thickness in spinal cord-injured subjects to a value comparable to that of subjects without SCI after only 8 weeks. A large intima-media thickness is an early marker for atherosclerosis (Bots et al. 1994 (Bots et al. , 1997 O'Leary et al. 1999; Lorenz et al. 2007) . Although not significant in our study, it has been demonstrated before that individuals with SCI have a larger IMT (Matos-Souza et al. 2009 ). Even during the short-term deconditioning in control subjects the IMT/lumen ratio increased, confirming previous reports (van Duijnhoven et al. 2010) . Also, the peak reactive hyperaemia, a measure of resistance artery structure , is demonstrated to decrease after long-and short-term deconditioning. In contrast to previous studies, we did not find an increase in the peak hyperaemic flow after FES training in SCI subjects (Gerrits et al. 2001; Thijssen et al. 2006) . This is probably because we used 5 min occlusion to compare the SCI individuals directly with healthy subjects, while others occluded for longer in order to obtain a maximal hyperaemic response in SCI subjects, to compensate for a low metabolic rate in the leg muscles. Taken together, these findings demonstrate the opposite impact of physical deconditioning versus exercise training on structural characteristics of both conduit and resistance arteries.
Gene expression microarray analysis was performed as a fast and comprehensive method to assess changes in gene expression levels in the surrounding muscle tissue that are associated with the observed vascular adaptations. Vasculature-related genes were grouped based on the direction of the fold change after deconditioning and exercise. The RT-qPCR validation of the expression of genes with the most prominent changes after inactivity and exercise confirmed the microarray data. Pathway analysis of the known interactions between all genes in each identified group provided more insight into biological mechanisms that may underlie the observed vascular adaptations.
The list of genes that were downregulated after deconditioning and upregulated after exercise included the hypoxia-induced transcription factor EPAS1 (also known as hypoxia inducible factor 2 α subunit; HIF-2α), which binds the promoter region and thereby activates expression of both VEGFA and one of its receptors, FLT1 (also known as VEGF receptor 1; VEGFR-1). The VEGF co-receptor NRP1 and VEGFs B and C were also present. The effects of exercise on different components of the positively correlating VEGF signalling pathway have been studied extensively, mostly with regard to angiogenesis, and comparable mechanisms may also be involved in structural vascular adaptations (Bloor, 2005) . Next to the VEGF pathway, a closely linked part of the network suggests involvement of nitric oxide signalling in the vascular adaptations. These NO-related genes caveolin-1 (CAV1), nitric oxide synthase trafficker (NOSTRIN ), soluble guanylyl cyclase (of which GUCY1A3 is a subunit), and the nitric oxide synthase 1 (NOS1, also known as nNOS)-related endothelial nitric oxide synthase (NOS3) are known to interact in the process of vascular relaxation (Melikian et al. 2009; Michel & Vanhoutte, 2010) . In addition, in myocardium it has been demonstrated that NO production by NOS1eventually leads to the phosphorylation of troponin I 3 (TNNI3, also known as cTnI) via activation of soluble guanylyl cyclase (Mohamed et al. 2009 ). Downregulation of these genes after deconditioning and upregulation after exercise suggests involvement of these players in the observed structural vascular adaptations and justifies further research, for instance, by application of targeted intervention in the identified pathways.
The genes that, in contrast, were upregulated after deconditioning and downregulated after exercise included three interacting growth factors, EGF, CTGF and TGFB1. All three are known to induce the matricellular glycoproteins CD44 and antiangiogenic thrombospondin 1 (THBS1). Moreover, TGFB1 inhibits angiopoietin 2 (ANGPT2) directly and through stimulation of type IV collagen α3 (COL4A3). Angiopoietin 2 is involved in blood vessel destabilisation and remodelling through slit homologue 2 (SLIT2), and simultaneously inhibits blood vessel stabilising angiopoietin 1. In addition, increased TGFB1 expression and deposition of type I and III collagen has been linked with arterial stiffening in ageing mice, all of which could be reversed by voluntary aerobic exercise training (Fleenor et al. 2010) . In particular, TGFB1 inhibits angiogenesis, causes blood vessel destabilisation and induces arterial stiffening. This fits with the observed upregulation of TGFB1 during deconditioning, which is associated with an inward remodelling of the artery.
The group of 10 genes that were upregulated after both deconditioning and exercise in skeletal muscle consisted of four extracellular matrix collagen chains (COL1A1, COL1A2, COL3A1 and COL5A1), the collagen crosslinker LOX, extracellular matrix MMP2, the proteoglycan BGN and the heavily glycosylated cell surface protein THY1. The fact that these genes are all linked to the extracellular matrix suggests a functional interaction in extracellular matrix remodelling after both inactivity and exercise, a process that is also known to occur in the vasculature (Gibbons & Dzau, 1994) . Changes in LOX and MMP2 have been linked to arterial stiffening (Fleenor et al. 2010) , which links upregulation of TGFB1 after deconditioning with several components of the ambiguous group and may explain their role in vascular adaptations after deconditioning.
Thus, the VEGF signalling pathway, regulation through TGFB1 and involvement of extracellular matrix-related proteins seem to be important mechanisms after deconditioning and exercise, which may lie at the base of the associated vascular adaptations.
Limitations
The mean age between the SCI individuals and the control subjects differed significantly, which may have had an additional effect on gene expression levels between these groups. However, a previous study using subjects who were even more different in age (20-30 versus 65-75 years) reported a larger effect of exercise than age on vastus lateralis gene expression levels (Roth et al. 2002) . In addition, the long-term deconditioning in SCI subjects will probably have more impact on gene expression levels than the difference in age. It has been demonstrated that age influences the vascular response to exercise (Wray & Richardson, 2006; Nishiyama et al. 2008) . However, the effects of physical inactivity and exercise training on vascular adaptations are much more pronounced than the effects of 20 years of ageing (Thijssen et al. 2010 (Thijssen et al. , 2011 .
Direct sampling of the vasculature is limited in human in vivo studies. Sampling the surrounding muscle tissue is a good and valid alternative, because the musculature is highly vascularised and it represents the primary tissue affected by the applied deconditioning or training. Using this approach, vascular effector molecules that are produced by the muscle tissue can be identified. For example, it has been demonstrated that exercise increases VEGF levels in muscle interstitium, which may subsequently result in increased blood plasma VEGF levels (Hiscock et al. 2003; Hoffner et al. 2003) . Other human studies reported that an exercise-induced upregulation of muscular interleukin 6 (IL-6) gene expression results in IL-6 protein release and elevated IL-6 levels in the arterial plasma (Steensberg et al. 2002) . Recently, it has also been demonstrated in mice that an exercise-induced muscle-derived factor (IL-6) can induce gene expression in another organ (CXCL-1 in the liver) via the blood serum (Pedersen et al. 2011) . These examples support our assumption that changes in muscular gene expression may eventually influence processes such arterial remodelling. There is also a clear relation between structural changes in the muscular microcirculation and larger arteries, even in distinct parts of the body (Robbins et al. 2011; Rizzoni et al. 2012) . In addition, two of the most responsive genes in our study, CDH5, which encodes for VE-cadherin, and FLT-1, are commonly used as endothelial cell markers. This indicates that vascular gene expression levels were not overwhelmed by skeletal muscle-derived transcripts.
We performed microarray analysis on only three of the eight SCI subjects, which is due to the poor quality of their muscle biopsies. It has been shown that muscle fibre type (Burnham et al. 1997) , the amount of muscle and the percentage of intramuscular fat change dramatically after an SCI (Elder et al. 2004; Gorgey & Dudley, 2007) . However, when long-and short-term deconditioning were compared, of the 65 vasculature-related genes assessed, 57 genes reacted in a similar way. This suggests that despite the low number of long-term deconditioning samples, we were able to identify changes that were comparable to those found after short-term deconditioning.
Conclusions
Physical deconditioning and exercise training resulted in opposite structural adaptations of the vasculature. Gene expression microarray analysis of the surrounding muscle tissue identified large groups of vasculature-related genes with correlating expression levels. Components of the VEGF signalling pathway, regulation through TGFB1 and extracellular matrix-related proteins where identified as potential major players in these vascular adaptations, providing further insight into the underlying molecular mechanisms.
